Blood-feeding anopheline mosquitoes are obligatory vectors for the transmission of the malaria parasites of the genus Plasmodium. The parasites undergo asexual development within mammalian hosts and produce gametocytes which, when ingested by the mosquito, initiate the sexual cycle that culminates with production of sporozoites. In turn, an infected mosquito takes another bloodmeal and sporozoites are released into the circulation of a naive host, thus completing the transmission cycle. Human malaria causes over 1 million deaths every year in the developing world. Recently, in recognition of the great importance of Anopheles gambiae in global health, its genome has been sequenced by an international scientific consortium , and transcriptomic approaches were initiated with the sequencing of Expressed Sequence Tags (ESTs) prepared from cultured cells (Dimopoulos et al. 2000) . Four thousand ESTs were used to construct the first mosquito cDNA microarray, the 4K microarray platform (Dimopoulos et al. 2002) . These arrays were used to detect genes that are up-regulated in the mosquito, specifically during infection with parasites and bacteria (Dimopoulos et al. 2002) and to identify differences between parasite-susceptible and refractory mosquitoes (Kumar et al. 2003) . However, insufficient annotation of the EST sequences hindered such studies and greatly limited the capacity of researchers to derive appropriate interpretations. In the context of the Anopheles genome project, nearly 83,000 ESTs from naive and blood-fed adult mosquitoes were sequenced , and in silico analysis of these data detected genes up-regulated in the mosquitoes after a blood meal (Ribeiro et al. 2004) . Furthermore, nearly 63,000 single reads from a full-length cDNA library were recently deposited in nucleotide databases by Genoscope (http://www.genoscope.org/). Two other EST libraries were constructed from pooled developmental stages of A. gambiae (NAP1) or adult heads (NAH), and clones from these libraries are currently being sequenced (G.K. Christophides, unpubl.; F. Collins, unpubl.) . Twenty thousand of these ESTs were used to build a new cDNA microarray platform (20K or MMC1), which is currently used in various experimental approaches to identify genes that are temporally and spatially regulated in mosquitoes during development, parasite and viral infection, and insecticide treatment (G.K. Christophides, unpubl.). The increasing amount of information obtained from such studies necessitated the development of computational approaches to provide functional annotation and interpretation of the derived data.
Here, we report a large-scale study of malaria mosquito A. gambiae EST and cDNA sequences structured into the newly developed AnoEST database. Using these cDNA microarray data in conjunction with AnoEST, we have experimentally confirmed expression of 7961 clusters during mosquito development. Of these, 3100 are not associated with currently predicted genes Birney et al. 2004) . Moreover, we found that clusters with confirmed expression are nonbiased with respect to the current gene annotation or homology to known proteins, and consequently, we might expect that many of the unconfirmed clusters are likely to be actual A. gambiae genes. The AnoEST resource is a vital resource for the interpretation of expression profiles derived using the A. gambiae cDNA microarrays, providing inferred functional annotation of the expressed genomic loci, including similarities to known proteins, protein domains, and Gene Ontology (GO) (Ashburner et al. 2000) functional categories.
Results and Discussion

A. gambiae EST classification
We collected from public sequence databases (Benson et al. 2004; Kulikova et al. 2004; Miyazaki et al. 2004 ) 215,634 A. gambiae expressed sequences (178,618 from 5Ј-sequences and 37,015 from 3Ј-sequences) originating from 179,955 clones. Of these sequences, 211,468 were aligned to 593,349 regions on the nuclear or mitochondrial genome. For 203,812 expressed sequences, a unique genomic origin could be recognized. We clus-tered ESTs (assigned them into groups representing distinct expressed loci) using the genomic sequence as template, as described in the Methods section. This allows for a more specific assignment of ESTs into clusters, as it prevents merging of distinct gene loci due to chimeric ESTs or domains with highly similar sequences. Three types of clusters were distinguished as follows: (1) T-clusters (Transcribed clusters) that have at least one supporting EST from this genomic locus, (2) N-clusters (with No uniquely matched ESTs) that share regions of high sequence identity to EST/cDNA sequences, but cannot be confidently identified as expressed (this fraction also includes recent duplications when the corresponding EST/cDNAs could have been derived from any one of the duplicated regions), and (3) U-clusters (Unaligned) of ESTs that failed to align to the genome. The derived EST clusters were further identified with current Ensembl (Birney et al. 2004 ) gene predictions, annotated with orthology/homology to known proteins and protein domains using sequence-analysis techniques, and tentatively associated with GO (Gene Ontology) and GO-slim functional categories (see Methods section).
The descriptive statistics of the AnoEST data is provided in Table 1 , which includes the numbers of different types of clusters and their annotation with respect to the Ensembl, UniProt/ SWISS-PROT , and InterPro (Mulder et al. 2003) databases. Of the derived T-clusters, 13,173 (61%) are supported by more than one EST each; 9944 (75%) of these have a statistically significant hit to known proteins in SWISS-PROT. Although a single EST is commonly considered unreliable as evidence of expression (Okazaki et al. 2002) , between one-fourth and one-half of 8305 EST singletons are supported by various sequence features indicative of protein-coding genes; they accommodate a correct gene model according to Ensembl gene predictions, encode known protein domains, or have significant homologs in SWISS-PROT. As discussed below, we have also used transcriptomic data to verify expression of a substantial fraction of T-clusters during mosquito development.
In total, 11,608 T-clusters overlap with 10,726 Ensembl gene models (of 14,364 Ensembl predictions as of Aug. 10, 2004, v23.2b .1), indicating that, despite very strict clustering criteria, the analysis probably engendered only a minor number of fragmentation artifacts. On average, the derived EST clusters overlap with Ensembl gene models by about 920 nt, corresponding to 70% of the shorter loci; 2695 clusters overlap Ensembl gene models by >90%. Only 452 EST clusters have shorter than 20% overlaps; these probably derive from UTRs. Interestingly, 9870 Tclusters (4789 of which are supported by two or more EST/ cDNAs) have no associated Ensembl gene predictions. N-type clusters are quite different; they are twice as numerous, but have only one-sixth as many Ensembl overlaps as do the T-type clusters (Table 1) . Moreover, 35, 660 (77%) of the N-type clusters are formed by only 863 ESTs, each of which is aligned to at least 50 distinct genomic loci. These likely represent transposable elements in A. gambiae, as 24,984 N-type clusters show significant homology to known transposable elements in RepBase9.12 (Jurka 2000 ; http://www. girinst.org). In contrast, only 1312 T-clusters (61 with confirmed expression, see below) are homologous to repetitive elements. A total of 2079 N-type clusters are currently annotated as genes. However, only 860 N-clusters correspond to recently duplicated genes, of which 220 have a corresponding gene model. The portion of ESTs failing to align to the nuclear or mitochondrial genome of A. gambiae (U-type clusters) constitutes <3% of all sequences (Table 1) . Some U-type clusters may correspond to as yet unsequenced regions of the genome, while most of them are likely to be of erroneous origin (data not shown).
Analysis of T-clusters
We have used both bioinformatic and transcriptomic methods to analyze in detail the category of T-type clusters, which represent the most prominent fraction of the mosquito genes. This dual analysis is summarized in Figure 1 and Table 2 , separately for singletons (left) and for clusters with Ն2 ESTs (right). We categorized clusters as having or lacking corresponding Ensembl gene predictions, homologs in SWISS-PROT, or overlaps of Ensembl and SWISS-PROT hits. Transcriptomic analysis utilized a developmental data set encompassing expression profiles in embryos, larvae, pupae, and adult mosquitoes (G.K. Christophides, in prep.) to highlight the fraction of clusters with experimentally verified expression. These data were collected using 20,000-element cDNA microarrays (MMC1). Of the 8922 corresponding T-clusters, we scored 1379 singletons (17% of the total number of singletons) and 6582 clusters with Ն2 ESTs (50% of such clusters), summing up to 90% of the microarray elements as being significantly expressed in at least two developmental stages (see Methods).
First, we explored the question of whether clusters with verified expression but without annotation represent low-level transcriptional leakage or whether they are expressed at levels comparable to those of recognized genes. For this purpose, we compared the distribution of log2-transformed values of expression for T-clusters with and without Ensembl gene prediction and for the fraction of clusters with and without SWISS-PROT homologs. As shown in Figure 2 , in both cases, genes with and without annotation showed rather similar distributions, with only a small shift toward lower expression values in the absence of annotation, which was slightly more pronounced for clusters with SWISS-PROT homologs. Only 61 T-type clusters with confirmed expression, 20 of which have a corresponding gene model, show significant homology to A. gambiae transposable elements. This comparison suggested that most of the 3100 EST clusters that are currently lacking a predicted gene model have detectable expression and are likely to be actual genes.
We then compared the T-cluster subsets with verified expression with those lacking microarray data (mostly not repre- sented on the microarrays). These subsets were reasonably similar in terms of presence or absence of corresponding Ensembl predictions, SWISS-PROT homologs, or both ( Table 2) . As expected, the microarray expressed subset was substantially (fivefold) smaller than the subset lacking microarray data in the case of singletons, whereas the subsets were of equal size for Ն2 ESTs clusters. Surprisingly, the prevalence of Ensembl and SWISS-PROT hits was actually higher among singletons lacking supporting microarray data (Table 2) . Based on the analysis summarized in Figures 1 and 2 and in Table 2 , our working hypothesis is that a substantial fraction of EST singletons represents actual genes, as do most of the Ն2 ESTs clusters. These data suggest that the number of genes in the A. gambiae genome may be substantially higher than currently predicted. A similar conclusion has been drawn recently for the Drosophila melanogaster genome using a combined bioinformatics and expression profiling approach (Hild et al. 2003 ).
Interface to the AnoEST database
The data discussed above have been structured into a relational database, for which we developed a user-friendly Web interface, available at http://komar.embl.de. It allows querying for the EST/cDNA accession number, clone identifier, derived EST cluster identifier, Ensembl gene identifier, SWISS-PROT accession numbers of homologous proteins, and associated GO terms, permitting logical combinations and flexible regular expressions.
Examples of the available interactive searches are represented in Figure 3 . By default, the information on queried sequences is returned in a condensed format showing data corresponding to the best-matching EST cluster (Fig. 3A) . The "Sequences" tab at the top of the interface allows retrieval of the sequences in FASTA format and, if required, generates reverse complemented sequences, e.g., for 3Ј-sequenced clones. The "Details" tab makes available more extensive information on similarity to known proteins and protein domains, orthology, GO, and "GO-slim" categories (Fig. 3B) . The annotation available for each corresponding genomic region in Ensembl can also be explored through a direct link to the genome browser. The "Homology" tab refers to the full records of a similarity search of the EST cluster consensus sequence against the UniProt/SWISS-PROT protein database. The records allow manual inspection of the alignments and provide html references to the corresponding entries in the UniProt/SWISS-PROT database.
When exploring all expressed sequences assigned to one cluster (Fig. 3C) , the visualization of EST alignments to genome allows a quick grasp of the gene organization, EST coverage, and quality of the clustering. Sequences derived from 5Ј-and 3Ј-ends are colored differently. The scale bar provided indicates the real cluster length over the genomic alignment, sized to fit to the image. The EST cluster image is mapped by html links to EST records for exploring cases of interest.
To make the results more broadly accessible and integrated with the Ensembl genome browser, the data are also available through the DAS protocol (http://komar.embl.de:9000/das). The dump of the data in relational mySQL format is available upon request.
AnoEST utility for microarray analysis
To facilitate functional analysis of transcriptional data derived from cDNA microarrays that have been recently developed (Dimopoulos et al. 2002; G.K. Christophides, unpubl.) and that are already widely used in the mosquito scientific community, the microarray elements are annotated using information from the AnoEST database via the EST identifiers. To allow further exploration of the annotation using specialized software or Excel spreadsheets, the microarray grid annotation (currently the 4K, MMC1/20K, and in the future the full genome array MMC2 currently under development) is provided as tab-delimited text files. The constraints imposed by such representation limit the complexity of included data, e.g., each element is associated with only best-matching EST/cDNA cluster and its functional annotation. In order to draw solid conclusions for the expression of a genomic locus, it is very important in DNA microarray experiments to evaluate all possible cross-hybridizations. That is possible utilizing the "CrossMapping" column included in the files that lists all clusters sharing high-sequence identity for each of the microarray elements. Moreover, as the microarray elements enclose both DNA strands that could potentially contribute to the spot signal, we report all EST clusters that are on opposite strands, but overlap by at least 60 nt. This is summarized in the "Overlapping clusters" column, generated by concatenating the corresponding cluster identifiers ordered by significance of sequence homology to known proteins, which allows users to easily recognize and group them.
Future developments
Together with the Ensembl team, we are planning to use the obtained results for refinement of current gene predictions in the Anopheles genome. This would complement the approach of another Anopheles database, AnoBase (http://www.anobase.org/), which is oriented toward manual refinement of automatically predicted gene models. The functional and expression data available through AnoEST is also being used for the discovery and annotation of alternative splicing events. In the future, we plan to extend AnoEST for use with the previously mentioned new generation of single-exon amplicon microarrays that will permit coupling of transcription profiling of the whole mosquito genome with other high-throughput functional assays, such as the production and use of specific double-stranded RNAs for RNAi gene silencing, and the production of peptides to develop antibody panels. This new microarray platform (MMC2) is designed in the context of an informal Mosquito Microarray Consortium (MMC) that emerged as an initiative to coordinate and standardize global transcriptional studies in A. gambiae. The current AnoEST data on clusters of expressed sequences that are not matched with current Ensembl gene models, as well as on alternatively spliced transcripts, is used to design additional features of MMC2. Although AnoEST was initiated as an independent database, it will be adapted to serve as one of the functional genomics modules of a new integrated genomic data resource for multiple vectors of disease, VectorBase (http://www.vectorbase. org).
Methods EST clustering
The analysis begins with the collection and processing of all available A. gambiae EST and cDNA sequences, linked with their GenBank/EMBL-Bank/DDBJ accession number, clone name identifier, cDNA strand information, and nucleotide sequence. All sequences are then aligned to the unmasked reference genome using the BLAT algorithm (Kent 2002) , considering all matches of 60 or more nucleotides, with at least 96% identity, a level that allows for inaccuracies of EST sequences and polymorphisms and which captures all possible cross-hybridizations on a DNA microarray (Hughes et al. 2001) . The accuracy of this step could be further improved at the expense of using orders of magnitude slower algorithms like sim4 (Florea et al. 1998) . ESTs are then clustered (assigned into groups) on the basis of their genomic overlap. For example, two sequences are assigned to the same cluster if their overlap over the aligned regions (exons) is greater than a certain threshold (30 nt in the current version of AnoEST). To avoid CPU-consuming all-against-all EST comparisons, which would be computationally challenging when considering potential alignment of over 200,000 EST sequences with nearly 500,000 genomic loci, we compare ESTs only with the cluster's projection on the genome. DNA strands are considered independently. EST sequences originating from the 3Ј-end of a clone are deposited in public repositories as reverse complements; therefore, we alter their alignment strand information prior to clustering.
In many cases, an expressed sequence can be aligned to more than one place in the genome (paralogs, transposable elements), making it difficult to identify reliably which genomic locus is actually represented by the EST. To address this, we rank EST to genome alignments using a number-of-matches minus number-of-mismatches scoring scheme, similar to BLAT. The matches with the highest score are then marked as "best", or as "unique best" when the second-best score is significantly lower (e.g., by more than 15, to reflect the EST sequence error rate and weak support from the data distribution). Clusters including at least one "unique best" EST are identified as TCLAG (for Transcribed CLuster of Anopheles Gambiae, also referred to as Tclusters above), whereas those that share regions of highsequence identity to EST/cDNA sequences, but there is no one sequence aligned to the locus as "unique best" are identified as NCLAG clusters (with No uniquely matched ESTs). The third type of cluster identifiers, UCLAG, corresponds to ESTs that failed to align (Unaligned) to the A. gambiae nuclear or mitochondrial genome.
In the final step of our clustering procedure, we join clusters that contain ESTs originating from the 5Ј-and 3Ј-ends of the same clone, provided that they map as "unique best" to the corresponding EST clusters, and they are on the same chromosome, the same strand, and <30 kb apart. The choice of many of the above-described parameters reflects a conservative approach that attempts to minimize errors of joining independent expressed loci at the expense of allowing some fragmentation errors, e.g., one gene could be represented by two EST clusters if we do not have sufficient information to link these clusters together. The observed representation of 10,726 Ensembl gene models by 11,608 T-clusters suggests only a minor number of fragmentation artifacts. Use of strand-specific clustering avoids the severe problems of erroneous joining of distinct genes (data not shown). However, some sequences inserted into plasmid in the wrong orientation form erroneous clusters on the strand opposite the actual genes. An upper estimate of such errors is about 11%, counting the number of Tclusters overlapping annotated genes with respect to T-clusters on the opposite strand without annotation (counting overlaps over an average 70%).
Automatic annotation
The derived clusters of expressed sequences are identified with gene models predicted by the Ensembl annotation pipeline, noting the fraction of genomic overlap over all predicted exons and allowing ‫051ע‬ nt to capture EST clusters derived from UTRs.
We showed previously that genes recognized as 1:1 orthologs in the genomes of A. gambiae and D. melanogaster code on average for proteins with 56% sequence identity (Zdobnov et al. 2002) . This suggests that many well-characterized proteins of Drosophila and other evolutionarily more-distant organisms, such as human, share only limited identity with Anopheles proteins. This limits the utility of more comprehensive, but automatically derived nonredundant protein collections such as UniRef90 and even UniRef50 (representing sequences merged at 90% and 50% sequence identity, respectively), where best hits are dominated by poorly annotated predictions from genomesequencing projects. To capture such weak homologies, we used the sensitive Smith-Waterman algorithm (Smith and Waterman 1981) (as implemented by Paracel) to compare all forward translations of the EST cluster sequences with sequences of known proteins from the manually curated UniProt/SWISS-PROT database. We then extract from that database a concise annotation for the best-matching sequence, identified with a E-value cut-off of <0.001. When available, we tentatively assign Gene Ontology (GO) functional annotation terms to the EST clusters, inferred from the best matching protein in UniProt/SWISS-PROT database. The UniProt/SWISS-PROT to GO mapping is provided by the GOA project at EMBL-EBI (Camon et al. 2004 ). We traverse the GO hierarchy in a "bottom to top" manner to assign the high-level "GO-slim" functional classes, which can be further compared with the patterns of correlated expression as identified in the DNA microarray experiments. We also analyze the EST cluster sequences for characteristic signatures of known protein domains, using state-of-the-art HMM profiles, as defined in PFAM and SMART (Bateman et al. 2004; Letunic et al. 2004 ) and summarized in InterPro.
We identified groups of orthologous genes between the predicted full proteomes of A. gambiae and D. melanogaster, and broader orthologous groups, including other animal genomes with full genome coverage using an Inparanoid-like (Remm et al. 2001 ) procedure. Orthologous genes were then used as markers to identify the conservation of the genomic arrangement (synteny) as described before (Zdobnov et al. 2002) using SyntQL tool (E.M. Zdobnov, unpubl.) .
Implementation
AnoEST is implemented as a relational database using mySQL (http://www.mysql.com/). An interactive Web interface to the data is provided using PHP (http://www.php.net/). The data is also accessible through the DAS (http://www.biodas.org) protocol using a Perl-based ProDAS severe (http://www.sanger.ac.uk/ Software/analysis/proserver/). EST clustering is implemented in Perl using a DBI interface to the mySQL backend, to allow scaling to higher numbers of sequences without additional computer memory requirements.
Microarray assessment of EST cluster expression
We experimentally assessed the expression of AnoEST-derived clusters utilizing a developmental data set that was recently produced in our laboratory using the MMC1 spotted cDNA microarrays (G.K. Christophides, unpubl.). Briefly, the experimental design interrogated nine different time points of the entire A. gambiae life cycle, from embryos to adults. Hybridizations were performed against an artificially constructed standard reference, containing all spots of the array. Four replicates (three biological and one technical-dye swap) for each time point were performed. Manual inspection and statistical measurements were used to assess spot quality based on signal intensity versus local background levels and spot diameter. Negative spiked-in controls were used to calculate global background levels, and only data above three standard deviations of background intensity levels were considered for further analysis. Data were loaded into GeneSpring v7.0 (Agilent Technologies), and normalized with the intensity-dependent (lowess) normalization algorithm. After replicate averaging, we selected ESTs that had reliable measurements in at least 33 of the 37 hybridizations and exhibited t-test P-value <0.05 in at least two of the nine time points. These criteria led us to consider the expression of 15,135 ESTs as confirmed during mosquito development. To quantify the level of expression of these ESTs, we considered the maximum intensity signal from the nine time points analyzed.
